Introduction
To date there has been intensive research, both theoretical and experimental, about epitaxial growth of high critical temperature superconductor (HTS) thin films [1, 2] . The term epitaxy (from the Greek roots epi, meaning "above", and taxis, meaning "order") appeared around 50 years ago and refers to the growth of an oriented film on a substrate which can be based on the same substrate material (homoepitaxy) or onto a different material (heteroepitaxy). YBa 2 Cu 3 O 7 (YBCO) is one most studied HTS [3, 4] . It has an orthorhombic structure and it is superconductor below the critical temperature (T C ) around 90 K. The superconductivity mechanism in this material is related to the presence of CuO 2 planes and charge carriers reservoir planes in its crystalline structure [5] . The interest in developing superconducting YBCO films is to produce second generation superconducting tapes [6] which, under the absence of magnetic fields, can transport high electric current densities (~10 6 A/cm 2 ) at liquid nitrogen temperature (77 K).
To achieve the epitaxial growth, the crystal lattice of the substrate must match with that of YBCO, permitting a small difference between them (e.g. a substrate ~ 3.9 Å , a YBCO ~ 3.8 Å). If the lattice constant of the substrate differs from that of YBCO, the epitaxial growth is not achieved, resulting in a small amount of grains oriented in the c-axis and hence in anisotropy of the critical current density and magnetic susceptibility.
The methods for synthesizing YBCO layers can be classified into two categories: in-situ and exsitu. In the in-situ methods, the YBCO phase is formed during deposition. Some of them are:
Pulsed laser deposition (PLD), liquid phase epitaxy (LPE) and metal organic chemical vapour deposition (MOCVD) [7] [8] [9] [10] [11] [12] [13] . In the ex-situ methods, the nucleation and growth of the YBCO film takes place after the deposition, by subsequent heat treatments [14, 15] . The advantage of the in-situ techniques over the ex-situ ones are that they allow YBCO films with high J C values, they can control thickness of the film and they can permit partially substitution of rare-earth elements during growing. Nevertheless, these techniques require sophisticated apparatus and high vacuum systems which make the technique expensive for commercial purposes. In contrast, the ex-situ techniques, in particular the Chemical Solution Deposition (CSD), are more attractive since they are cheap, fast and can provide large areas films and mass production. In this chapter, a fluorine-free CSD method is introduced for the fabrication of YBCO films on different substrates.
Chemical solution deposition technique for obtaining YBCO films
Chemical solution deposition is an ex-situ technique in which a chemical solution precursor is deposited on substrates to epitaxially grow YBCO layers [16, 17] . It does not require expensive conditions or equipments such as high vacuum, irradiation or sputtering. In this technique, a solution precursor containing stoichiometric cations of Y, Ba and Cu (with ratio 1: 2: 3) is prepared, usually by sol gel, and directly deposited onto single crystals or templates which transfers their texture to the coating. The YBCO textured film is then obtained after heat treatments in oxidizing atmosphere [18, 19] . Therefore, this technique is cheap, fast and can provide large-area films. In the present work, depending on the Trifluoroacetate composition of the precursor solution, the CSD is classified into two routes: Trifluoroacetate and freetrifluoroacetates.
Trifluoroacetate metal-organic CSD route
The trifluoroacetate metal-organic (TFA-MOD) CSD route is promising for producing YBCO superconducting films with high critical current density (J C ) values [20] [21] [22] [23] [24] [25] [26] . This technique was introduced by Gupta et al. in 1988 in order to prevent the formation of BaCO 3 of the YBCO films usually obtained by CSD [27] . In fact, in other different CSD routes, BaCO 3 agglomerates at the grain boundaries affecting the J C of the YBCO textured films. However, in the TFA-MOD BaF 2 forms during the decomposition of the organic compounds (during pyrolisis) and the YBCO films are then obtained via hydrolysis of BaF 2 [28] .
In this technique, the precursor solution is prepared by mixing Y and Ba trifluoroacetates with Cu acetate (in molar ratio 1:2:3) in methanol [29] or water [30] . The organic components are eliminated by pyrolisis at around 400 °C, yielding in Y 2 O 3 , BaF 2 and CuO. These intermediate compounds are then transformed into YBCO tetragonal (non superconductor) by annealing at around 800 °C. The reaction follows the equation [31] :
The superconducting YBCO (orthorhombic) is obtained by oxygenating the latest compound at high temperatures. Nevertheless, the release of the HF-gas product during heat treatments makes this technique hazardous for health and environment. Thus non-fluorine routes are necessary to be investigated.
Free-trifluoroacetate CSD routes
Chemical solution deposition routes which does not require the use of trifluoroacetates are vast. However, most of them result in YBCO films containing unreacted and/or secondary phases such as Y 2 O 3 , BaCO 3 , Y 2 BaCuO 5 (Y211), BaCuO 2 , Cu 2 BaO 2 , etc. Table 1 list freetrifluoroacetates routes reported in the literature which do not require carbonate ingredients and without BaCO 3 formation. The routes are listed according to the employed reagents. In metal alkoxides routes the gelation rate of the precursor solution is adjusted by choosing the proper solvent. The solidification includes the hydrolysis and condensation of the alkoxides through which a polymeric product is formed [32] . However, since the rate of hydrolysis of Y and Ba are faster than that for Cu, different sized clusters results in the sol [33] . In the hydroxides route Ba(OH) 2 and Y-and Ba-trimethylacetates are reacted in propionic acid with amine solvent. Remarkably, it has been reported that this stock solution is stable in air and has a shelf life longer than 2 years [34] [35] [36] . On the other hand, the CSD based on nitrates, which is also known as polymer-assisted deposition (PAD) because of the use of polymers, obtains a homogeneous distribution of the metal precursors in the solution and the formation of uniform metal-organic films [37] . The formed NO and/or NO 2 can be easily eliminated leading in a high homogeneity of the precursor solution. In the following sections, a novel fluorine-free method, based on oxalates, for the CSD of YBCO films is described. 
Substrates
Similar to the in-situ technique, CSD of YBCO superconducting layers also includes careful selection of substrates. To obtain high quality growth of YBCO, many considerations should be taking into mind, such as:
• The potential substrates should have lattice constant similar to that of YBCO orthorhombic so as to allow epitaxial growth.
• They must be highly insulating for eventual applications in electrical circuits.
• Ferromagnetic substrates must be discarded since they affect the diamagnetic properties of the YBCO superconducting film.
• They should have a high melting point since the fabrication of the film requires high temperatures (usually higher than 800 °C). Note: p.c: Pseudocubic (with microtwins parallel to (100)), c.p: Cubic perovskite structure. 
Solution preparation and deposition
The first step of the CSD technique to obtain YBCO superconducting films is the preparation of the precursor solution. This solution is required to have homogeneously dispersed Y, Ba and Cu cations, suitable viscosity and without precipitation so as to achieve good adherence to the surface of the substrate and desired thickness of the resulting YBCO film. Figure 1 provides a schematic representation of the manufacturing process of the YBCO film followed in this work. Initially a precursor solution is obtained by sol-gel similar to previous reports [44] [45] [46] [47] [48] . Stoichiometric amounts of yttrium, barium and copper acetates (Y(OOCCH 3 ) 3 .4H 2 O, Ba(OOCCH 3 ) 2 and Cu(OOCCH 3 ) 2 .2H 2 O respectively) were mixed and completely dissolved in a solution of ethanol (C 2 H 5 OH) and oxalic acid (H 2 C 2 O 4 ) (1:1 ratio).
The system was left to decant for about 12 h. The matrix was then dispersed and magnetically stirred at 250 rpm to achieve a homogeneous metathesis reaction (without the segregation of any particular constituents) between the acetate solution and the oxalic acid. The resulting precursor solution was a colloid based on Y, Ba and Cu oxalates. Single drops of this precursor were carefully dripped on the LaAlO 3 (100), SrTiO 3 (100) and YSZ(100) substrates with the help of a Fisher pipette. The samples were immediately dried in an oven at 40 °C. The last steps were repeated 7 times. The oxalate is formed by the reaction [49] : Initially a precursor solution is obtained by reacting stoichiometric amounts of yttrium, barium and copper acetates in a solution of ethanol and oxalic acid (1:1 ratio). After decanting the solution for 12 h, it was dispersed by magnetic agitation to achieve a homogeneous metathesis reaction between acetate and oxalic acid. The resulting precursor solution was carefully dripped onto LaAlO 3 , SrTiO 3 and YSZ substrates and they were immediately dried in an oven at 40 °C. The last two steps were repeated 7 times.
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Heat treatments
YBa 2 Cu 3 O 7-x has relatively strong oxygen-metal bonds, thus high temperatures heat treatments are required to rearrange the species in the precursor solution for a correct crystallization and crystal growth. The thermodynamic stability of YBCO limits the synthesis and the crystal growth parameters. For example synthesis at temperatures well below 900 ℃ result in x values from 0.7 to 1, leading the crystalline structure as tetragonal (non superconductor). Further oxidization at high temperatures is necessary to decrease x to 0 , from which cooling it below the phase transition range (~ 700 ℃ [50] ) results in the orthorhombic structure (superconductor).
In this work, the crystallization and epitaxial growth of the YBCO layers were achieved by exsitu heat treatments, as represented in Fig. 2 . After drying the samples for 10 min, they were annealed at 860 °C in a tubular furnace (LENTON LTF-PTF Model 16/610) in low oxygen atmosphere for 12 h. The low oxygen atmosphere facilitates the liquid phase formation, which in turn influences the grain growth and interconnection between crystallites [51] . On the other hand, the slow heating rate (1 °C/min) permits the thermal decomposition to remove residual volatile hydrocarbons thus lowering the risk of trapping CO 2 bubbles in. Besides, it is expected that both, the slow rate and the high annealing temperature performed in this work also prevent the formation of BaCO 3 [52] . Thus, the chemical reaction during this process might described by [49] :
obtaining mixtures of yttrium, barium and copper oxides (Y 2 O 3 , BaO and CuO). At this stage, epitaxial growth of the crystallites occurs specially at the interface of the layer/substrate, together with a considerable decrease of the thickness of the film (as it is represented in the bottom part of the figure) [53] . Furthermore, the microstructure of the film might consist of irregular arrangement of porous together with groups of chemically bounded crystallites. The reaction is described by [49] :
Note also that at this stage the sample consists on YBa 2 Cu 3 O x (probably with x=6.5 [49] , which is not a superconductor). The sintering of the YBCO superconducting (YBa 2 Cu 3 O 7 , orthorhombic structure) is obtained after oxygenating the sample at higher temperatures than 800 ℃. For example, the represented oxygenation at 860 °C in Fig. 2 promotes the increase of the density of the layer and the epitaxial growth of the crystallites toward the surface, consuming other disoriented grains to a thermodynamically stable phase during this process. The sintering process of YBCO superconducting during oxygenation is thus described by [49] :
Eventually, the samples were subsequently quenched to room temperature with an intermediate step at 600 °C so as to minimise the stress in the film. Figure 3 shows the surface morphology of the YBCO films on LaAlO 3 , SrTiO 3 and YSZ substrates obtained by the oxalate CSD route and after oxygenation at three different temperatures: 820 840 and 860 °C. The results reveal that all the samples consist on granular films. In the case of the sample deposited on LaAlO 3 the YBCO grains are uniformly dispersed over the substrate surface, forming small groups. Previous results report that the average grain size formed is smaller than 100 nm [47] . In the case of the sample deposited on SrTiO 3 , continuous films are clearly distinguished independently of the oxygenation temperature. However for the sample annealed at 820 °C, bright spots are spread on the surfaces. The light in the microscope might reflect in different directions when it is incident to some clusters or grains spread on the surface of the sample. Note also the formation of wide cracks (~ 5 µm) on the surface of the samples revealing parts of the underneath substrate. These cracks, which are typical for ceramic films under stress, together with some fringes formed on the surfaces (especially in the case of 860 °C annealing) suggest that the YBCO films strain during quench- ing. The samples deposited on the YSZ substrates also present some cracks indicating stress during the quenching. However, the granular nature of the films is more pronounced than in the previous cases. On this substrate, the accumulation of grains is better appreciated in the film treated at 820 °C, whereas the surface softens at higher temperatures as it is clearly observed on the sample treated at 860 °C revealing the occurrence of melting. Furthermore, on all the samples, macro-segregation, leading to the formation of secondary phases and degradation of the epitaxy might occur as it is studied in more detail by XRD below. 
Surface morphology

Crystallization
YBaCu 3 O 7 films can grow in three different orientations: a) random, b) along the a-b plane and c) along the c-axis. In the case of YBCO films grown by the CSD technique, highly-randomlyoriented crystallites result if the fabrication has been performed without systematic control of the viscosity, homogeneity, cations ratio, etc during sol-gel and temperature, oxygen pressure, water pressure, etc during heat treatments. Fig. 4 depicts a representation of the crystallites in an YBCO film oriented along the a-b plane and along the c-axis. For technological applications, a c-axis orientation growth of the YBCO film is preferable. The crystal orientation of YBCO thin films is commonly studied by X-ray diffraction. Fig. 5 shows the 4 representative angles (θ−2θ, ω, ϕ and Ψ) of the goniometer in a diffractometer. In the θ−2θ scans, by varying the angle of incidence θ, a diffraction pattern is recorded. The position and the intensity of the peaks are used for identifying the phase formation through their respective characteristic reflections. The ω scans are taken to check for a preferential film orientation normal to the substrate plane. In that case a strong peak from the θ−2θ scan is chosen, the detector is set and fixed to the corresponding value of the 2θ angle, as it is discussed in the next section. In this work, the crystallization of the films is studied by both, θ−2θ and ω scans. In a Bragg-Brentano geometry [54] , YBCO films containing randomly oriented crystallites are identified by strong (103) reflections. Whereas YBCO films containing a-b and c oriented crystallites are recognized by high (005) and (200) reflections, respectively. Figure 6 shows the X-ray diffractograms XRD, in semi-logarithmical scale, of the films grown on the three different substrates (LaAlO 3 , SrTiO 3 and YSZ) obtained after annealing at 820, 840 and 860 °C. In all the cases, the strongest reflections are those (h00) corresponding to the substrate: (100), (200) and (300). Regarding the diffractions corresponding to YBCO, all the diffractograms present (00 ℓ) reflections: (002), (003), (00,4), (005), (006), and (007) indicating epitaxial growth of the film in the c-direction. Note that comparing to the samples annealed at 820 and 840 °C, the samples annealed at 860 °C present the highest (00 ℓ) reflections. Moreover, some (0k0) reflections, such as (010) and (020) are also detected, especially in the Table 3 . Note that in this work, no BaCO 3 has been detected on the XRD of the samples, indicating that the pyrolisis at 860 °C and slow rate (1 °C/min) is effective to prevent the formation of this unwanted phase. In contrast, reflections belonging to Y211 (also called 'green phase') were detected in the XRD for all the samples, suggesting that this phase might be formed during melting of the YBCO phase [56] . Y211 also acts as flux pinning centres improving the electrical and magnetic properties of the YBCO film [57] . Furthermore, the samples annealed at 820 °C present the majority amount of unreacted phases, indicating that this annealing temperature is not high enough to complete all the reaction. Besides, the less formation of secondary phases is obtained on the LaAlO 3 substrate while the sample containing more secondary phases is obtained on YSZ substrates. The latest suggests that as smaller is the mismatch in lattice constant to that of YBCO, there is better reaction between the coating components to form more pure YBCO. The presence of these unwanted phases affect the magnetic properties of the material, as we discuss in more detail below. In the θ−2θ scans, by varying the angle of incidence θ, a diffraction pattern is recorded. Whereas, the ω scans is performed over a strong peak from the θ−2θ scan. In this work, the crystallization of the films is studied by both, classical 2θ and ω scans. For all the samples, the mean crystallite sizes and degree of epitaxy (f c ) for YBCO were calculated from the reflection (005) around 38.51°. The crystallite sizes were calculated with Scherrer's formula, neglecting peak broadening caused by residual stresses in the films [54] :
where D is the average crystallite size, λ is the wavelength of the applied X-ray (λ Cu-Kα1 =0.154056 nm), θ hkl is the Bragg's angle and β hkl is the pure diffraction line broadening (in radians), which were easily found by measuring the full width at the half maximum (FWHM) of the reflection.
The obtained values are listed in Table 3 . Note that for all the samples, the crystallite size increases with temperature and the largest grains are obtained on the sample grown in YSZ substrates and annealed at 860 °C.
To calculate f c , the (005) and (002) intensities ( I (005) and I (002) respectively) were compared to those ones provided in the PDF-2 card 89-6049 ( I stand ( 005 ) and I stand ( 002 ) respectively) [58] , following the relation:
(1 -f c )I stand 200 (7) The f c values are also listed in Table 3 . Similar to the grain growth, f c increases with annealing temperature, except for the samples grown on YSZ substrates. The highest f c is also obtained on the sample grown on YSZ and annealed at 860 °C which is correlated with crystallite size and sharpest (005) reflections.
Overall, the increase of grain size and f c values with annealing temperature observed in this work indicate that annealing promotes the epitaxial growth of the crystals orientated to (005) thus improving the crystallization of the CSD YBCO films, specially at higher temperatures. 
Texture
As mentioned in the previous section, X-ray diffraction can also provide qualitative information about the texture of the YBCO films. Figure 7 shows a schematic representation of inclined crystallites and their correspondent identification by ω-scans. The inclination ( Fig. 7 (a) ) is related to the out-of-plane deviation of the crystallites and it is also called out-of-plane texture (along the z axis). The ω− scans, also called rocking curves ( Fig. 7 (b) ), are obtained by scanning the ω angle as indicated in Fig. 5 above and the degree of out-of-plane texture is then deter-mined by the FWHM value of the profile. If the rocking curve is the superposition of more than one profile, the components indicate different internal layers. Figure 8 shows the rocking curves corresponding to the (005) reflection of the YBCO films obtained by the oxalate CSD route on LaAlO 3 , SrTiO 3 and YSZ substrates and after oxygenation at 860 °C. This reflection was chosen because its intensity is higher than the other (00ℓ) reflections and also because its position in the XRD plot (around 2θ=38.72°) is far away from any other reflection (see Fig 6) . Figure 9 shows the magnetic moment vs. temperature of the YBCO films on LaAlO 3 , SrTiO 3 and YSZ substrates obtained by the oxalate CSD route and oxygenation at 860 °C. The plots show the measurements taken in zero field cooling (ZFC) and field cooling (FC) modes for external magnetic field applied parallel to the film plane of 100 mT for films deposited on LaAlO 3 and SrTiO 3 and 50 mT for that deposited on YSZ. The superconducting property of the obtained films is demonstrated by the diamagnetic signals below the transition temperature T C =90 K, thus confirming the formation of the superconducting YBCO. Note that the sample deposited on YSZ shows an up turn in the diamagnetic signal at low temperature, which can be attributed to other phases which are present in the sample. In fact, according to Table 3 , this sample contains more secondary and unreacted phases than the other samples oxygenated at 860 °C. Therefore, the diamagnetic behaviour of the YBCO superconductor is screened by the paramagnetic response of those unwanted phases. The latest is better distinguished at the lowest temperatures in which the paramagnetic response tends to rise both, the ZFC and FC, branches to positive values of the magnetic moment. 
Superconductivity
Conclusions
YBa 2 Cu 3 O 7 films were successfully deposited on LaAlO 3 , SrTiO 3 and YSZ by the oxalate CSD route and heat treatments at 820, 840 and 860 °C. The preparation of the precursor solution does not require trifluoroacetates components. The obtained samples consist of granular YBCO films. X-ray diffraction reveals that all the samples contain crystallites oriented to (00 ℓ) indicating epitaxial growth of the film in the c-direction. Remarkably, similar to the trifluoroacetates CSD route, the oxalate route presented here does not form BaCO 3 . However, small amounts of other phases, such as Y 2 BaCuO 5 (Y211), Y 2 O 3 , BaCuO 2 and Cu 2 BaO 2 , were formed. The grain size and the degree of crystallinity values increase with annealing temperature leading in more epitaxial and pure YBCO films. Thus, the samples oxygenated at 860 °C present less unreacted and secondary phases, and higher (00 ℓ) reflections than the sample oxygenated at 820 and 840 °C. Rocking curves corresponding to the (005) reflection of these films can be fitted with more than one Gaussian functions meaning that they consist on multilayers of YBCO with different texture. Moreover, the relative high lattice mismatch between YBCO and YSZ was reflected in the texture of the corresponding grown YBCO layer. The superconducting property of the obtained films is demonstrated by their corresponding magnetic measurements confirming the formation of the superconducting YBCO with T C =90 K. However, for the case of the sample deposited on YSZ its corresponding diamagnetic signal is distorted by the paramagnetic responses of the unwanted phases within this sample.
